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Abstract: Replica clothing as worn by Robert F. Scott and Roald Amundsen in their race to be the first on 
the South Pole and by George Mallory in his ascent of Everest was tested for thermal insulative properties. 
These were benchmarked against modern day explorer clothing. Results are discussed in terms of insulation, 
insulation per weight, and wind protection. Further the effects of the clothing on energy consumption were 
considered as well as the effect of altitude on insulation and on energy consumption.  The biggest advantage 
of modern clothing seems to be its lower weight. Scott’s clothing resulted in extra energy usage for the 
wearers and provided less insulation than Amundsen’s, though sufficient while active. The Mallory clothing 
had a low energy requirement due to the incorporation of ‘slippery’ silk layers. Its insulation would have 
been sufficient down to -30ºC in low wind. If wind were to increase, the clothing would however not have 
provided the required insulation. 
 
Keywords: clothing insulation, altitude, Antarctic, cold, explorer  
 
1. Introduction 
 
Clothing for extreme environments has seen a 
dramatic development over the last decades. The 
introduction of man made materials, new technologies 
and new design and wear philosophies has led to high 
tech clothing that has been used and tested in a 
multitude of environments. To get a better feel for the 
advances made, this paper will look at the 
performance benchmarks for three historical clothing 
ensembles: Those worn by Robert Falcon Scott and by 
Roald Amundsen and their teammates in their attempt 
to be the first to reach the south pole in 1911 and 
1912, and the clothing as worn by George Mallory, 
who vanished in an attempt to climb Everest in 1924. 
Though the original clothing was not available, as part 
of two different projects replicas of the original 
clothing were produced based on historical 
information sources and remnants of the clothing. 
Next these replicas were tested for their insulative 
properties on thermal manikins (Havenith et al. 2008), 
and benchmarked against a modern day explorer/high 
altitude climber outfit. These results were then 
interpreted in the light of the special circumstances 
they were exposed to. 
 
1.1 Scott and Amundsen 
 
In 1910, Robert Falcon Scott and Roald Amundsen 
left the UK and Norway respectively for Antarctica, 
both with the goal to be the first person on the South 
Pole. Amundsen started the actual trip to the South 
Pole on October 20, 1910 from the Bay of Whales 
(Ross Ice Shelf), with five men and 52 dogs. On 
Friday December 14, 1911, the team reached their 
destination. They arrived with 17 dogs and three sleds. 
After three days on the pole, taking measurements to 
ensure their position, and travelling 10 miles in each 
direction to ensure they had a safe margin in case an 
error in the calculation was made, they started their 
return. They had returned to the Bay of Whales on 
January 26th, 1912.  
Scott left for the pole in November 1911, using 
ponies, which proved useless and were shot on 
December 9. Manhauling their sleds, they arrived on 
the South Pole on January 17, 1912, just over a month 
after Amundsen. On their way back they encountered 
unusually extreme weather conditions [8], and finally 
perished in a blizzard that forced them to shelter in 
their tent for  8 days on March 29, 1912. 
Many books have been written about their trips and 
many theories were brought forward for Scott’s 
demise. In 2006, Keo films produced a documentary 
for British Television in which this race was re-
enacted in Greenland (due to a dog restriction on 
Antarctica). They brought together two teams, one 
Norwegian, one English to represent Amundsen and 
Scott’s teams. As far as possible, clothing and 
equipment of the original trips was reconstructed 
based on archive knowledge. As part of the 
  
preparations, the replica clothing (Table 1) was 
brought to Loughborough University and tested on the 
thermal manikin ‘Newton’ (MTNW, Seattle, USA) 
[5]. In these tests the clothing insulation of the 
ensembles with the highest insulation were tested, and 
the effect of wind on this insulation investigated. At 
the same time, the clothing to be worn by the camera 
crew, i.e. modern exploration clothing, was tested too. 
For this purpose the clothing (Fig. 1) was put on the 
manikin (Figure 2) and this was then placed in a 
climatic chamber, exposed to wind of 10 m/s. The 
measured  
Table 1, clothing available to Scott and Amundsen teams in the re-enactment of the race to the Pole, as well as 
details on clothing worn by Mallory (Source: [7]). 
Clothing Amundsen team  Clothing for the Scott team The Mallory Layering 
System 
Under garments  
1 x pair of Wolsey woollen long johns 
and thermal long sleeved vest  
1 x Devold Basic long sleeved thermal 
top + Devold Basic long johns  
1 x Aquaduct long sleeved thermal top + 
Aquaduct thermal long johns  
 Inner layer top  
 Cotton/wool shirt x 1 or 2 supplied by 
team members themselves  
 1 x Devold woollen Nordsjosweater 
with turtle neck  
1 x  Devold woollen Nansen sweater 
with crew neck  
 Inner layer bottom  
 1 x Pair of corduroy trousers (tbc 
possibly  not necessary)  
   
Outerwear  
 1 x Reindeerskin anorak with hood  
1 x sealskin anorak with hood  
 1 x seal skin trousers  
1 x Burberry style windproof trousers  
1 x Burberry style windproof jacket with 
hood  
1 x pair of puttees (to wrap round bottom 
of trousers)  
 Head and neck gear  
 1 x woollen balaclava (designed and 
made especially)  
1 x woollen hat from Devold  
1 x woollen scarf  
 Footwear  
 4 x pairs of Devold thick Nansen socks  
2 x pairs of Devold Active thinner socks  
2 x pairs of Wolsey woollen half length 
sock  
4 x pairs of Wolsey full length hose sock  
(variety of sizes for each man for 
layering)  
 1 x Finnesko boot  
 Hands  
 1 x pair of large reindeer mits  
 2/3 x pairs of ordinary woollen gloves 
from Ulvang  
1 x pair of large woollen mittens from 
Ulvang  
 
  
 Under garments  
 1 x pair of Wolsey woollen long johns and 
thermal long sleeved vest  
1 x Devold Basic long sleeved thermal top 
+ Devold Basic long johns  
1 x Aquaduct long sleeved thermal top + 
Aquaduct thermal long johns  
 Inner layer top  
 Cotton/wool shirt x 1 or 2 supplied by 
team members themselves  
 1 x Devold woollen Nordsjosweater with 
turtle neck  
1 x  Devold woollen Nansen sweater with 
crew neck  
 1 x woollen waistcoat  
 1 x pyjama jacket/alternative thinner 
jumper tbc  
   
Inner layer bottom  
 1 x corduroy trousers tbc  
1 x woollen trousers tbc  
 Outerwear  
 1 x Burberry style windproof trousers  
1 x Burberry style windproof jacket 
without collar  
1 x pair of puttees (to wrap round bottom 
of trousers)  
 Head and neck gear  
 1 x woollen balaclava (designed and made 
especially)  
1 x woollen hat from Devold  
1 x woollen scarf  
 Footwear  
 4 x pairs of Devold thick Nansen socks  
2 x pairs of Devold Active thinner socks  
2 x pairs of Wolsey woollen half length 
sock  
4 x pairs of Wolsey full length hose sock  
(variety of sizes for each man for layering)  
 1 x Finnesko boot  
 Hands  
 1 x pair of large reindeer mits  
 1 x pair of long to elbow fingerless gloves 
with mitten covering   
 2/3 x pairs of ordinary woollen gloves  
1 x pair of large woollen mittens  
 
Upper Body 
Silk wool vest  140 g 
Silk shirt (beige)   342 g 
Shetland pullover 314 g 
Silk shirt (green) 248 g 
Flannel (wool) shirt 595 g 
Burberry jacket  824 g 
       Sub total  2675 g 
Lower body 
Cotton long-johns  275 g 
Green Shetland long-johns  320 g 
Brown Shetland long-johns  450 g 
Burberry breeches  440 g 
      Sub Total  1485 g 
  Total  4160 g 
 
Footwear 
Blue socks  108 g 
Mixed Shetland socks 82 g 
Argyle socks 82 g 
Puttees  106 g 
Sub Total  356 g 
TOTAL WEIGHT  
excluding boots  4516 g 
 
   
  
 
 
 
 
 
 
 
 
 
Fig. 1, Clothing tested: left: Scott; middle: Amundsen; right: modern ensemble. 
   
 
Fig. 2, Clothing as worn on the manikin: left: Scott; middle: Amundsen; right: modern ensemble 
  
insulation values will be expressed in clo (1 clo=0.155 
m2ºC/W). 
 
1.2 Mallory 
 
George Mallory, an experienced climber, vanished 
together with Sandy Irvine during an attempt to reach 
the summit of Everest on June 8, 1924. As with Scott, 
many theories were developed of what happened on 
that day, and some suggest that Mallory and Irvine 
may have reached the summit before being killed on 
the way down. Irvine’s body was never recovered, but 
Mallory’s frozen corpse was discovered after 75 
years, on May 1, 1999, at 8170 m, 678m below the 
8848m summit. Mallory’s personal possessions and 
clothing were brought down the mountain by the 
search expedition, and in the following years the UK 
mountain heritage trust in partnership with the 
universities of Southampton, Leeds, Derby and 
Lancaster commissioned a painstaking reconstruction 
of the clothing worn by Mallory. 
This clothing was then studied and tested at 
Loughborough University, similar to Scott and 
Amundsen’s replica clothing, on the thermal manikin. 
This determined the insulation provided by the 
clothing (Fig. 3). 
 
2. Insulation 
 
The results of the manikin measurements on 
insulation are presented in Figure 4. It is evident that 
the clothing insulation provided by the modern 
ensemble is highest, followed by the fur based 
Amundsen ensembles. Next is Scott’s ensemble and 
Mallory’s has the lowest insulation. 
When these insulation values are expressed as 
insulation per unit of weight (excl. shoes; Figure 5) 
the big difference between the historical and modern 
ensembles becomes evident. The modern clothing 
provides more than twice the insulation per kg than 
Scott and Amundsen’s clothing and 1.65 times that of 
Mallory’s. 
The third tested aspect is the sensitivity to wind. 
Figure 6 shows the amount of insulation left (in % of 
the static value) when the ensemble is exposed to 
  
Fig. 3, The clothing of Mallory tested on the thermal manikin (left) and right, an original picture taken 
 during the expedition (Royal Society). 
 
  
wind of 10 m/s. Here, Amundsen‘s with a sealskin 
outer and the modern ensemble are very close, 
followed by Mallory’s and again lowest the Scott 
ensemble. 
 
 
Fig. 4, Insulation values of measured clothing 
ensembles. 1 Clo unit is the insulation of an American 
business suit. 1 clo=0.155 m2ºC/W. 
 
The important difference in philosophy between Scott 
and Amundsen’s clothing is the reliance on fur as 
major insulator by Amundsen, where Scott’s clothing 
is reliant on cotton and wool for this purpose. Mallory 
on the other hand uses cotton, wool and silk. The 
modern clothing relies on manmade materials (PET 
Fleece) and Down for the insulation. 
 
Fig. 6, Insulation values of measured clothing 
ensembles at 10 m/s wind, expressed as percentage of 
the static, no wind insulation value. 
 
It is evident that the modern clothing, as expected 
performs best on several accounts. It has the lowest 
weight, the highest insulation and the best wind 
performance. 
Amundsen’s clothing performs well too, approaching 
the modern day ensemble in insulation (when worn 
with the sealskin outer) and having excellent wind 
performance. The big difference is the weight required 
to achieve this. 
Scott’s clothing in many ways performs worst. It has 
the lowest insulation per weight and the lowest wind 
performance.  Finally Mallory’s clothing has the 
lowest absolute insulation, but in terms of insulation 
per weight it performs well, and its wind performance 
is average. 
It is important to note, that a comparison of the 
absolute insulation values needs to be done with care. 
The insulation required for a certain expedition is 
dependent on a number of factors. The main ones are: 
the activity level of the wearer (1), which determines 
the amount of heat generated in the body; the climate 
with the main relevant parameters being air 
temperature (2), solar radiation (3), and wind speed 
(4) which determine the heat loss from the body. 
Relative humidity (5) is of minor influence at 
temperatures below freezing. 
For Scott and Amundsen the main difference for 
insulation requirement is given by the different 
transport method. Amundsen’s dog sleds will require 
a lower activity level than Scott’s manhauling. Hence, 
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Fig. 5, Insulation values of measured clothing 
ensembles expressed per unit of weight (excl. shoes). 
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the lower insulation provided by Scott’s clothing does 
not have to be a problem as they generate more heat 
themselves. The data show however that all things 
being equal, Scott would need to put on more clothing 
to get the same effective insulation, considering the 
lower insulation per weight ratio and the higher 
reduction in insulation by wind, clearly putting him at 
a disadvantage. 
For Mallory, the climbing activity is expected to result 
in a high activity level too and thus would require less 
insulation than Amundsen’s. However a number of 
considerations are needed here that will be dealt with 
later.    
 
2.1 Special issues: Scott and Amundsen – 
Energy consumption issues 
 
In the re-enacted race the lower insulation of the Scott 
ensemble was reported as a problem by the 
participants, despite the high activity level. A further 
important problem emerged however. The 4 people in 
the Scott team lost between 12 and 25% of their body 
weight. Though this is not unusual giving the heavy 
exercise, it was surprising that the major part (60%) of 
the average weight loss (19% of body weight) was in 
fact muscle mass. The explanation for this is that the 
energy uptake of the team was insufficient in 
compensating for the energy usage in the heavy man 
hauling of the sledges, causing the body to break 
down its fat reserves and, worryingly, also muscle. 
With respect to the clothing worn, an interesting 
question is whether this would contribute to this issue. 
To start with, the weight of the clothing will add to the 
weight carried by the body and hence in weight 
bearing work types (walking!) add to the energy 
consumption. The higher weight of the Scott clothing 
thus is an issue, but would not be enough to explain 
the observations. Recent work by Dorman and 
Havenith [1] has demonstrated that weight is only one 
part of the effect of clothing on metabolic energy 
consumption. They observed how clothing stiffness, 
layering and bulkiness can add dramatically to the 
load. While clothing weight increased metabolic 
energy consumption by 1% per kg of clothing weight, 
the combined effect of the weight and the bulkiness 
etc. caused an increase of 2.7% per kg on average 
(compared to minimal clothing). Applying their 
findings to the specific clothing ensembles studied, 
they predicted an increase in metabolic rate of 24% 
for the Scott clothing and 18.5% for the Amundsen, 
both for sledge pulling, while for dog sledging the 
estimate for Amundsen’s ensemble is less than 10%. 
This shows once more the superiority of Amundsen’s 
clothing, and the predicted extra energy consumption 
of 24% caused by the clothing (for modern clothing 
this was 12.5% for sledge pulling and 7% for dog 
sledging) goes some way to explain the drain on the 
energy resources of the expedition. 
In the light of the above, the Mallory clothing was 
assessed too. Though this too had many layers, 
movements were much easier than in the Scott 
clothing and energy consumption would be much 
lower. Looking at the build-up of layers in Mallory’s 
ensemble it is striking that he used several layers that 
contained silk, which had a smooth surface that 
reduces friction between the layers.  
 
2.2 Special issues: Mallory-Altitude issues 
 
Similar to the comparison of Scott and Amundsen, 
where the specific circumstances were taken into 
account, the use of the clothing ensemble tested for 
Mallory’s outfit needs to be considered in the context 
of its use. The context relevant here, besides the 
earlier mentioned activity and climate parameters, is 
that of altitude. The altitude influences the clothing 
performance in two ways. Firstly there is the effect of 
altitude on clothing properties [2, 3] and secondly the 
effect of altitude on sustainable activity levels [4]. 
 
Altitude and clothing 
 
Altitude affects both heat and vapour resistance. Heat 
transfer though clothing can be broken down in the 
pathways of conduction, radiation and convection of 
heat, and the diffusion and convection of water 
vapour, i.e. evaporated sweat. Though radiation does 
not show a relevant change, the combined convective 
and conductive heat transfer does [6]. The lower air 
density will cause a reduced thermal conductivity 
resulting in increased insulation of the clothing with 
its incorporated air layers. This increase depends on 
the altitude and on the temperature difference between 
the skin and the air. For the typical Everest condition 
a rough estimate is an improvement of about 15%. As 
for evaporation: the evaporative heat resistance is 
reduced in low pressure environments [3]. This 
explains the increased speed of dehydration at altitude 
and while working will add in the evaporation of 
sweat. For the assessment of maximal cold protection 
however this is less relevant. 
  
 
Reduced activity levels 
 
Long term activity levels for athletes are estimated to 
be around 65 to 70% of their maximal work capacity. 
This is expressed as % of their maximal oxygen 
uptake (VO2max). With altitude, the maximal power 
will decline due to the lower oxygen pressure in the 
ambient air, hampering oxygen uptake and delivery to 
the muscles. Maximal sustainable power will decline 
in line with this. At extreme altitude this decline is 
substantial (Figure 7) bringing the maximal and the 
sustainable power close to levels where activity 
becomes impossible. Though this is improved by 
altitude acclimatisation (in fact without it people 
would not be able to climb to this altitude) the 
reduction is so strong that it will affect the person 
dramatically. Apart from reducing activity levels the 
concomitant issue is that it also reduces heat 
generation by the body. At a fixed climate condition, 
reducing the activity and thus heat production will 
cause the person to cool down if this is not 
compensated for by extra clothing. 
Most climbers to Everest will use extra oxygen 
supplies to at least partly compensate for the lower 
oxygen pressure in the air. In Figure 7 this is indicated 
as a shift of the lines upwards when extra oxygen is 
supplied. Mallory and Irvine had oxygen available to 
them, though there is extensive debate whether they 
had sufficient amounts to summit and return. Records 
suggest that they may have used a 2.2 l/min flow rate 
which indeed would have improved their capabilities, 
but which are still considered moderate for active 
climbing.  
In order to illustrate the insulation requirements in 
relation to low oxygen levels, a calculation was 
performed to determine the required clothing 
insulation for different ambient temperatures, 
assuming metabolic energy production is limited. 
Assuming Mallory would not have had oxygen for his 
climb and return, a scenario without supplementary 
oxygen was used. For the calculation an energy 
production of 300 watt was assumed, equivalent to an 
oxygen uptake of 0.86 litres, which would match a 
maximal oxygen uptake at the altitude of 1.3 litres. 
This is a slightly optimistic estimate. Figure 8 
illustrates the outcome. The bottom sloping line shows 
the required insulation as measured statically (no 
wind) on the manikin to be in thermal equilibrium at 
the given temperatures with a wind speed of 7 km/h. 
The top sloping line shows the same but now for 40 
km/h wind. These static values are higher as the wind 
 
Fig. 7, Maximal Oxygen uptake (=maximal work capacity) and sustainable work output in relation to altitude, 
expressed as percentage of the sea level value. The arrow indicates that maximal power at altitude increases when 
the oxygen content of the air is increased. Everest is at 8848 m. 
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will reduce them more. Two horizontal lines are 
shown. The bottom is the actual insulation measured 
for the Mallory clothing in static conditions, corrected 
for altitude. The top is the same for the modern 
clothing.  
 
What the figure shows is that for low winds (bottom 
sloping line) the insulation provided by the replica 
clothing is sufficient down to -30ºC approximately. 
This suggests that the clothing provides sufficient 
insulation for an Everest ascent when weather 
conditions are good and activity is kept up. When 
wind speed increases however, the situation quickly 
shifts to the top sloping line. At -30ºC, a static 
insulation of around 5.6 clo would be needed. This 
could be provided by modern clothing as shown by 
the top horizontal line, but is a lot more than could be 
provided by the Mallory ensemble. Further wind 
speeds above the 40 km/h wind used in the 
calculations here are not uncommon on Everest in the 
climbing season. 
In reality the situation may be worse, as the 
calculations done here do not consider cooling and 
insulation specifically for the extremities (hands, feet) 
were typically most problems with frostbite occur. 
 
3. Conclusions 
 
Based on the findings it can be concluded that the 
Scott clothing was inferior to Amundsen’s fur based 
clothing and had a worse insulation to mass ratio. 
However as the activity level of the Scott team would 
have been much higher due to man hauling sledges, 
they would have needed less insulation while active. 
Problems would have been more prevalent in inactive 
periods outside of shelter. A major problem with 
Scott’s clothing would have been the extra energy cost 
caused by its weight, bulkiness, internal friction and 
stiffness. As demonstrated in the simulated race to the 
pole, this would have contributed to weakening the 
team members. 
 
Fig. 8, static, no wind, clothing insulation required for thermal equilibrium versus ambient temperature for low 
wind and high wind at a metabolic energy consumption of 300 Watt. The horizontal lines show the amount of 
insulation available with modern clothing (top) and the Mallory clothing (middle). The arrows show how the 
required clothing insulation would change when metabolic rate is raised in the case of oxygen breathing. 
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For the Mallory clothing, considering the effects of 
altitude on insulation and on activity levels, the 
conclusion is that the clothing would have provided 
sufficient insulation in good weather down to -30ºC 
while active. In case wind speed increased or activity 
would drop (e.g. in a forced overnight stay) insulation 
would have been too low. Given suggestions that 
weather changed during their climb, one may thus 
hypothesize that the clothing may have contributed to 
Mallory and Irvine’s fate. 
As for progress in clothing technology, the results 
obtained for the modern expedition clothing indicate 
that while historic clothing may be able to attain 
similar insulation levels and wind protection as 
modern clothing, the latter will be at a strong 
advantage due to its much lower weight. Other aspects 
that were not discussed in this paper, like moisture 
management, will also put the modern climber and 
expedition member at a substantial advantage 
compared to their historic counterparts especially at 
higher activity levels and in the period after these 
where accumulated moisture would cause so called 
‘after chill’.  
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